Abstract. We study theoretically the photoelectron emission in noble gases using plasmonic enhanced near-fields. We demonstrate that these fields have a great potential to generate high energy electrons by direct mid-infrared laser pulses of the current femtosecond oscillator. Typically, these fields appear in the surroundings of plasmonic nanostructures, having different geometrical shape such as bow-ties, metallic waveguides, metal nanoparticles and nanotips, when illuminated by a short laser pulse. In here, we consider metal nanospheres, in which the spatial decay of the near-field of the isolated nanoparticle can be approximated by an exponential function according to recent attosecond streaking measurements. We establish that the strong nonhomogeneous character of the enhanced near-field plays an important role in the above threshold ionization (ATI) process and leads to a significant extension in the photoelectron spectra. In this work, we employ the time dependent Schrödinger equation in reduced dimensions to calculate the photoelectron emission of xenon atoms in such enhanced near-field. Our findings are supported by classical calculations.
of atoms and molecules in gas phase. This phenomenon, which is known as Above Threshold Photoemission (ATP), has received special attention due to its novelty and the new physics involved. Due the plasmonic field enhancement, the electrons emitted by ATP from metallic surfaces or metal nanotips present distinct characteristics, namely higher kinetic energies in a non-ponderomotive regime [23] . In comparison to the noble gases interacting with the same strong laser field, in here the photoelectron kinetic energy spectrum has much larger cutoff (see e.g. [23, 24, 25, 26, 27] ).
In this Letter we put forward the plausibility to perform ATI experiments by combining plasmonic enhanced near-fields and noble gases. The proposed experiment would take advantage of the plasmonic enhanced near-fields, which present a strong spatial nonhomogeneous character and the flexibility to use any atom or molecule in gas phase. From the theoretical viewpoint the ATI process can be tackled using different approaches (for a summary see e.g. [28, 29, 30, 31, 32, 33] and references therein). We employed the numerical solution of the Time Dependent Schrödinger Equation (TDSE) in reduced dimensions by including the actual functional form of metal nanoparticles plasmonic near-fields obtained from attosecond streaking measurements [34, 35] . We have chosen this particular nanostructure since its actual enhanced-field is known experimentally, while for the other nanostructures like bow-ties [12] the real plasmonic field is unknown. For the most of the plasmonic nanostructures the enhanced field is theoretically calculated using the finite element simulation, which is based on an ideal system, not the complex situation we are dealing with. For instance, Ref. [12] states an intensity enhancement of 4 order of magnitude (calculated theoretically) but the maximum harmonic order measured was 17, which corresponds to the intensity enhancement of 2 order of magnitude rather than 4 (for more details see [17, 36] ). However, our numerical tool is developed in such a way to allow the treatment of a very general set of non-homogeneous fields such as those present in the vicinity of metal nanostructures [12] , dielectric nanoparticles [7, 13] , or metal nanotips [23] . The kinetic energy for the electrons both direct and rescattered are classically calculated and compared to our quantum mechanical approach predictions.
The one-dimensional time-dependent Schrödinger equation (1D-TDSE) for a model atom reads:
where V l (x, t) is the laser-atom interaction. For the atomic V a (x) potential, we use the quasi-Coulomb or soft core potential V a (x) = − 1 √ x 2 +a 2 , which was firstly introduced in [37] and has been widely used in the study of laser-matter processes in atoms. The parameter a allows us to tune the ionization potential of the atom under consideration. In our studies we consider the field to be linearly polarized along the x-axis and modify the interaction term V l (x, t) in order to treat spatially non-homogeneous near-fields but still maintaining the dipole character. Consequently we write
where E(x, t) is the laser electric field characterized by
In equation (3), we have collected all the temporal information in E 0 (t), i.e. E 0 (t) = E p f (t) sin(ωt + φ). In here, E p , f (t), ω and φ are the peak amplitude of the laser electric field, the pulse envelope, the frequency of the laser pulse and the CEP, respectively. The exponential part of equation (3) corresponds to the spatial dependency of the plasmonic enhanced field, where χ is a parameter that characterizes the spatial decay of the plasmonic near-field and depends on both the geometrical and material characteristics [17, 13] (note the units of χ are in length). The equation (3) is only valid for x ≥ R 0 , where R 0 is the radius of the metal nanoparticle, i.e. for values of x that is outside of the metal nanoparticle surface. In addition, the electron motion is in the region x ≥ R 0 with (x + R 0 ) ≫ 0. To model short laser pulses, we use a sin 2 envelope f (t) of the form f (t) = sin
, where n p is the total number of optical cycles. The time duration of the laser pulse will be T p = n p τ , where τ = 2π/ω denotes the laser period. We assume that the atomic target is in the ground state (1s) before we turn on the laser (t = −∞). This particular state can be found by solving an eigenvector and eigenvalue problem once the 1D-TDSE has been discretized. For Xe atoms we chose a = 1.62 to match its atomic ionization potential I p = 12.199 eV (0.446 a.u.).
The equation (1) was solved numerically by using the Crank-Nicolson scheme with an adequate spatial grid [38] . In our numerical experiment we employed boundary reflection mask functions [39] in order to avoid spurious contributions and the grid size has been adequately extended in order to treat high energy electrons. It is well known these electrons can travel far away from their parent nucleus without returning to the core, however, this effect was considered in our numerical scheme. For calculating the energy-resolved photoelectron spectra P (E) we used the window function technique developed by Schafer [40, 41] . This tool represents an improvement with respect to the usual projection methods and has been widely used for calculating angle-resolved and energy-resolved photoelectron spectra [42] .
In Fig. 1 , we presented a schematic picture of the systems under study in which a metal nanoparticle as those used in the experiment of Ref [34] , is surrounded by Xe atoms. We also included the time and spatial profile of the laser electric field where it is possible to observe the usual time dependence and the strong spatial variation at a nanometer scale. In this nanoparticle the spatial variation of the electric field produces strong modifications in the electron motion and consequently in the associated laser-matter processes, for example above-threshold ionization (ATI). Furthermore each metal nanoparticle would acts as a laser nanosource which contributes to photoelectron emission process.
In our model we have employed the laser field enhanced parameters used in the experiment of Ref. [13] (I = 2 × 10 13 W/cm 2 and λ = 720 nm) to make our proposed experiment perfectly feasible. For this kind of metallic nanotip, the enhanced laser field intensity corresponds to initial laser input intensities of 10 12 W/cm 2 , which through plasmon enhanced amplification process is intensified by more than one order of magnitude (see [27] and references therein). The gaussian shaped experimental laser pulses with 5 fs FWHM are modeled by employing a sin 2 shaped pulse with 5 optical cycles (13 fs).
As a first test we maintain the aforementioned laser field enhanced parameters and we varied the χ parameter in equation (3). In Fig. 2 , we present the photoelectron spectra calculated using 1D
2 . This value in perfect agreement with the one shown in Ref. [13] . On the other hand, for this particular intensity the cutoff at 2U p (≈ 2.1 eV) developed by the direct ionized electrons is not visible in the spectra. For the nonhomogeneous cases the cutoff of the rescattered electron is far beyond the classical limit 10U p , depending on the χ parameter chosen. As it is depicted in Fig. 2 the cutoff is extended as we decrease the value of χ. For χ = 40 the cutoff is at around 14 eV, while for χ = 29 it is around 30 eV. The low energy region of the photoelectron spectra is sensitive to the atomic potential of the target and one needs to calculate TDSE in full dimensionality in order to model this region adequately. In this paper we are interested in the high energy region of the photoelectron spectra, which is very convenient because it isn't greatly affected by the considered atom. Thus by employing 1D-TDSE the conclusions that can be taken from these high energetic electrons are very reliable.
In order to investigate fully the behavior of the system, i.e. the metallic nanoparticles surrounded with noble gas atoms, we considered a larger laser field intensity of I = 5 × 10 13 W/cm 2 by keeping the rest of the laser parameters the same. In Fig. 3 , we have plotted the photoelectron spectra for the homogeneous case and for χ = 29. From this plot we observe that the nonhomogeneous character of the laser enhanced electric field introduces a highly nonlinear behavior in this particular lasermatter phenomenon. For this intensity with χ = 29 it is possible to obtain very energetic electrons reaching values of several hundreds of eV. This is a good indication that the nonlinear behavior of the combined system of the metallic nanoparticles and noble gas atoms could pave the way to generate keV electrons with tabletop laser sources.
We now concentrate our efforts in order to understand the extension of the energy-resolved photoelectron spectra using classical arguments. From the simple-man model [43] we can describe the physical origin of the ATI process as follows: an electron bound to its parent ion at a position x = 0, is liberated to the continuum at a given time called the ionization or born time t i , but with zero velocity, i.e.ẋ(t i ) = 0. In the strong-field picture this electron now experiences only the influence of the oscillating laser electric field (the residual Coulomb interaction is neglected) and will reach the detector either directly or through the so-called rescattering process. By using the Newton equations it is possible to calculate the maximum kinetic energy of the electron for both the direct and rescattered processes. The classical equation of motion for an electron in the laser field can be written asẍ(t) = −∇ x V l (x, t). More specifically, for the electric field of the form (3) it readsẍ(t) = −E(x, t)(1 − x(t)/χ). Note that in the limit χ → ∞, we recover the conventional homogeneous caseẍ(t) = −E(t).
For the direct ionization the electron reaches the detector with a kinetic energy given by
where t f is the end time of the laser pulse. For the rescattered ionization, in which the electron returns to the core at a time t r and reverses its direction, the kinetic energy of the electron yields
For homogeneous fields equations (4) and (5) 
, with A(t) being the laser vector potential A(t) = − t E(t ′ )dt ′ . Furthermore, it is well known that the maximum values for E d and E r are 2U p and 10U p , respectively [28] . Although for laser electric fields of the form given by equation (3), the aforementioned limits should to be revised.
In Fig. 4 we present the numerical solutions of the Newton equation for an electron moving in a linearly polarized spatially nonhomogeneous electric field of the form (3), in terms of the kinetic energy of the direct and rescattered electrons. We employed the same laser enhanced field parameters as in Figs. 2 and 3 . Panels (a) and (c) show the kinetic energy of the direct (•) and rescattered (•) electrons for the homogeneous case with laser enhanced intensities of I = 2 × 10 13 W/cm 2 and I = 5 × 10 13 W/cm 2 , respectively. In panels (b) and (d), we plotted the kinetic energy of the direct (•) and rescattered (•) electrons for the extreme nonhomogeneous case (χ = 29) and for the mentioned intensities. Furthermore, we observed an unconventional behavior due to the nonhomogeneous character of the enhanced near-fields. From the panels (b) and (d), we clearly see that spatially nonhomogeneous enhanced fields produce electrons with high kinetic energy, well far beyond the usual classical limits of 2U p and 10U p for the direct and rescattered process respectively. These new features are related to the changes in the electron trajectories (for details see e.g. [16, 15, 17] ). In here the electron trajectories are substantially modified in such a way that the released electron has longer time to spend in the continuum acquiring more energy from the laser electric field. For the homogeneous case on the other hand classical simulations show both the 2U p (direct electrons) and 10U p (rescattered electrons) kinetic energy limits and the values are in perfect agreement with the 1D-TDSE simulations. A similar behavior was observed in metal nanotips [23] , although in our case both direct and rescattered electrons are considered.
In this Letter we propose generation of high energy photoelectrons using nearenhanced fields by combining metallic nanoparticles and noble gas atoms. Near-enhanced fields present a strong spatial dependence at a nanometer scale and this behavior introduces substantial changes in the laser-matter processes. We have modified the time dependent Schrödinger equation to model the ATI phenomenon in noble gases driven by the enhanced near-fields of such nanostructure. We predict a substantial extension in the cutoff position of the energy-resolved photoelectron spectra, far beyond the conventional 10U p classical limit. These new features are well reproduced by classical simulations. Our predictions would pave the way to the production of high energy photoelectrons reaching the keV regime by using a combination of metal nanoparticles and noble gases. In this kind of system each metal nanoparticle configures a laser nanosource with particular characteristics that allow not only the amplification of the input laser field, but also the modification of the laser-matter phenomena due to the strong spatial dependence of the generated coherent electromagnetic radiation.
We (color online) Energy resolved photoelectron spectra for Xe atoms driven by an electric enhanced near-field. The laser intensity after interacting with the metal nanoparticles is I = 2×10 13 W/cm 2 . We employ φ = π/2 (cos-like pulses) and the laser wavelength and number of cycles remain unchanged with respect to the input pulse, i.e. λ = 720 nm and n p = 5 (13 fs in total). The arrow indicates the conventional 10U p cutoff (10.5 eV for this case). 
